Introduction
Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by chronic inflammation of the joints. The differential expression of the disease is reflected by the marked differences in the abundance and distribution of T and B cells in the rheumatoid synovium, ranging from a scarce and diffuse distribution to the abundant presence of mononuclear cells, which are organized in germinal center-like structures. 1, 2 The heterogeneous character of RA is further illustrated by the differential responsiveness to treatment [3] [4] [5] and the presence of distinct autoantibody specificities, like rheumatoid factor and anti-citrullinated peptide antibodies (ACPA) in the serum. 6, 7 The existence of such molecular heterogeneity in RA synovium fits a model proposed by Firestein and Zvaifler, 8 who suggested two independent processes, an immune-mediated and a stromal cell-driven form, which might drive destruction of bone and cartilage.
Development of different types of RA may result from specific combinations of environmental factor(s) and a varying polygenic background. Findings from genetically identical twins, where the concordance rate is far less than complete, are indicative for a major role of an environmental factor in the risk of developing RA. 9, 10 From animal models it is clear that an exogenous challenge, like infectious agents may induce arthritis. In man, microbial infections are known to contribute to arthritis. 11, 12 Combined analysis of the Epstein-Barr virus (EBV-), CMV-and Parvo virus B19-data demonstrated that virus infections are far more common in RA or psoriatic arthritis than in reactive arthritis. 13 Despite this knowledge the environmental factor(s) that contribute to RA remain to be determined.
Upon infection with a pathogen, cells undergo a marked reprogramming of their transcriptome, providing a direct link between infection and the transcriptional profile of the host. Surprisingly, different pathogens induce a remarkable overlap of transcriptional changes in the host, leading to the concept of a common pathogen response.
14 Therefore, analysis of the host transcriptome overcomes the problematic detection of multiple distinct microorganisms, in case no single microorganism but a variety of microorganisms is involved. Large-scale gene expression profiling using DNA microarray technology in blood cells from patients with RA and healthy controls would enable us to detect a molecular portrait representing the contributions and interactions of numerous distinct cells and diverse factors that may be associated with disease. Consequently, if there is a pathogen involved in RA, a systematic analysis of the gene expression profile should reveal similarities with a pathogen-response program.
We previously provided evidence for an activated IFN type I response gene expression program in a subset of patients with RA. 15 This could be indicative for a viral contribution. Here we created a framework for evaluating the relationship between a viral response program and RA in more detail. Therefore, we compared the gene expression profiles of RA patients with the profiles of an in vivo virus infection model that was examined on the same microarray platform, allowing a direct comparison.
Results
Identification of a virus response signature in a nonhuman primate model In order to create a framework, which allows a direct comparison of the RA gene expression profile with that of a physiological viral response program we made use of available in vivo data on smallpox virus-infected macaques. 16 This nonhuman primate model for smallpox infection provides a detailed view of the in vivo host transcriptional program in peripheral blood (PB) after infection. Because the microarrays used in this study were of the same platform as the ones used in the present study, we could make a direct comparison. First, we extracted microarray data from nine macaques before, and 2 or 3 days post infection from the public access website of the Stanford Microarray Database (SMD). 17 Next, we identified the genes that significantly changed in expression in PB cells of infected macaques by Significance Analysis of Microarrays (SAM). 18 At a false discovery rate of 5%, 911 genes showed a significant change in expression after smallpox infection.
The PB gene expression profile of a subgroup of patients with RA is reminiscent of a viral-response program We previously analyzed PB gene expression profiles from RA patients, and compared their profiles with healthy controls using microarrays with a complexity of B26 K unique genes (total 43 K elements). 15 Expression of the viral-response genes was examined in a combined data set including gene expression data from all RA patients and healthy controls, uninfected and infected macaques. Two-way hierarchical clustering clearly separated the profiles of the macaques before and after viral infection (Figure 1 ), whereas almost all of the healthy controls clustered in the same group as the uninfected animals. Most interestingly, a total of 23 of the 35 RA patients clustered together with the infected macaques.
The subgroup of RA patients that clustered together with the virus-infected primates, was designated the RA A subgroup. À24 data not shown). In the smallpox-infected macaques nucleotide metabolism was also highly significant downregulated (P ¼ 1.3 Â 10 À11 data not shown). In our further analysis we compared the different RA subgroups to the healthy controls to obtain a view of the biological aberrations compared to a nondisease state. To identify genes that show an abnormal expression in the RA A subgroup we performed a statistical analysis by SAM, which revealed that 663 genes were upregulated in RA A patients, while 1246 genes were downregulated compared to the healthy controls. To interpret the biological significance of the list of differentially expressed genes we performed a Gene Ontology analysis in the PANTHER database (Table 2) . RA A patients showed evidence of 21 upregulated processes, including immunity and defense, interferon-mediated immunity, cytokine/chemokine-mediated immunity, Cell proliferation and differentiation, (anti-) apoptotic processes and blood clotting. Among the six downregulated processes were several processes that indicated reduced transcriptional activity, cell cycling and apoptotic activity (in contrast to the upregulated genes these were mainly genes with pro-apoptotic activity). Within the list of significantly Subgroup of RA patients clusters together with smallpoxvirus-infected macaques. Two-way hierarchical clustering was performed on genes that are significantly changed in expression after smallpox infection of macaques. 16 Data from the smallpox study were combined with expression data from RA patients and healthy controls (see Materials and methods).
downregulated genes in the RA A patient group were several genes suggesting a reduced cytotoxic response mediated by gd T cells, including CCL5/RANTES, TARP/TCRgammaV9, perforin, NKG2D/KLRK1 and granzyme B, K and M.
The same analysis for the RA B patients revealed only 375 upregulated genes and 179 downregulated genes compared to healthy controls (Table 3) . Accordingly, there were fewer processes that discriminated RA B patients from controls (increased cell adhesion, cell communication, signal transduction, and macrophagemediated immunity) ( Table 2) .
To substantiate these findings we also performed gene ontology analysis on common pathogen-response genes, that is, a set of genes that is commonly induced by viral Biological processes that were also represented by the common pathogen response (CPR) 14 are indicated (x). Figure 1 ), compared to healthy individuals
No
Our previous analysis on the IFN high RA group 15 is included for comparison. The number of genes is indicated after a two-class unpaired SAM analysis using a false discovery rate of 5%.
and bacterial triggers through activation of different TLRs.
14 In comparison with the processes represented by the RA patients, we observed that in the RA A group, 18 of the identified processes were shared with the common pathogen response, while in the RA B group only four processes were identified in the common pathogen response (Table 2) .
Finally, to gain more insight in the factors that could have induced the increased expression of genes in the RA A patients we performed an analysis on transcription factor binding sites (TFBS) that are overrepresented in the genes, which were upregulated in the RA A patients compared to the healthy individuals (by rVISTA 19 at http://genome.lbl.gov/vista/index.shtml, data not shown). The most significantly enriched regulatory elements in the 500 bp upstream regions of the overexpressed genes were ICSBP/IRF8, IRF-1, ISRE and NFkB binding sites. This indicates that agents that activate the NFkB-pathway and induce IFN type I production, are the most important contributors to the expression signature of RA A patients. Because these pathways are typical for TLR activation, we next performed this analysis on the common pathogenresponse gene set. 14 The search for TFBS overrepresentation in the promoter regions of the common pathogenresponse genes revealed an almost identical set of most significant regulatory regions, namely NFkB, NFkB65, IRF-1 and ICSBP/IRF8 binding sites. The combined results suggest that activation of several TLRs, which mediate IFN type I induction and NFkB activation signals, such as TLR3, TLR4, TLR7 and TLR9, could potentially be responsible for the altered transcriptome in RA A patients. 20 The most significantly overrepresented TFBS in genes with a low expression in RA A patients were the binding sites for E2F1DP1 and E2F1DP2, which are involved in regulation of the cell cycle, DNA synthesis and apoptosis. The reduced activity of genes harboring these TFBS corresponds with the reduced activity of the pathways in RA A patients identified by gene ontology analysis.
Relation to the IFN-type high and low RA subgroups We previously performed an RA subclassification based on the expression of IFN-induced genes. 15 To obtain an insight in the differences between IFN-and viraldetermined subclassifcation, we calculated the average expression of 43 correlated IFN-induced genes, which we described previously 15 for the different RA subgroups (Figure 2a) . As anticipated the RA A group showed a significantly higher expression of the IFN-response genes, when compared to both the RA B group and the controls, corresponding with the Gene Ontology analysis. Although the RA A group as a whole displayed an enhanced IFN type I response, six of the IFN low patients were also included in the RA A group, while four of the IFN high patients were not represented in the RA A group. This indicates that the subclassification of RA patients into RA A and RA B is not solely based on the expression of IFN-induced genes, but that the entire pathogenresponse program contributes to the subclassification. Statistical comparison of all groups to the healthy individuals indicated that the RA A group was the most different from healthy controls (Table 3) .
Clinical relevance of the patient stratification Next, the question arose whether the molecular stratification of RA was associated with clinical differences. To address this possibility, the relationship between the RA subtypes and clinical parameters, summarized in Table 1 , was determined. Most strikingly, this analysis revealed that the two groups differed in ACPA levels. The RA A group showed higher levels of ACPA (P ¼ 0.03, Figure 2b ) than the RA B group.
Discussion
The combined cluster analysis of RA patients with smallpox virus-infected macaques revealed a striking heterogeneity between RA patients indicated by the coclustering of a subset of patients (RA A subgroup) with the virus-infected primates.
The combined analysis of different datasets has already demonstrated its significance by the discovery of a common fibroblast serum response signature that is represented in tumor samples and predicts cancer progression. 21 Our current analysis further indicates that combining different datasets powers disease subclassification and leads to the identification of an immune defense gene expression profile in PB cells of a subgroup of RA patients.
Infectious agents have long been considered as possible triggers for autoimmune responses. [22] [23] [24] The higher load of EBV DNA identified in PB cells from RA patients 25 would support this suggestion. Olsen et al. proposed a 'viral signature' as a typical feature of early RA, based on the observation that the transcriptome of PB cells from early RA patients partly overlaps with genes induced by Influenza. 26 Although our study was not designed to compare early with longstanding RA, the disease duration was shorter in the RA A compared to the RA B group (57 vs 132 months), but did not reach statistical significance (P ¼ 0.099). Further support for an infectious agent is delivered by the remarkable resemblance of the gene expression signature of the RA A group with the transcriptional program of the common pathogen response.
14 In addition, the most important TFBS in the upstream regions of the genes expressed by the RA A patients correspond with the regulatory regions used by genes that comprise the common pathogen response; the binding sites for ICSB/ IRF8, IRF1 and NFkB suggests the involvement of TLR activation in the RA A group. Interestingly, in genes with a low expression in RA A patients the most significant TFBS were E2F1DP1 and E2F1DP2. These factors are normally able to inhibit the NFkB survival signal. 27 A reduced activity of these transcription factors would imply that an uninhibited survival signal could be delivered by NFkB in the RA A patients. Another resemblance with a viral infection is the observation that the RA A patient group showed signs of a reduced cytotoxic response mediated by gd T cells, suggested by the reduced expression of CCL5/RANTES, TARP/TCRgammaV9, perforin, NKG2D/KLRK1 and granzyme B, K and M. This finding is in line with the previously identified low levels of gd T cells in PB of RA patients. 28 Furthermore, a lack of expression of granzyme A, RANTES/CCL5 and TCRB, during hepatitis C virus infection in nonhuman primates has shown to be associated with the inability to clear the infection. 29 Therefore, RA A patients may be more prone to viral persistence because of the lack of effective virus clearance. In support of this, a reduced antiviral response, indicated by the decreased T-cell precursor frequencies to EBV gp110 in established RA has been reported. 30 Although we were not able to directly compare our data to a chronic viral infection, several characteristics of acute viral infections have also been observed in chronic viral infections. For instance, patients with chronic hepatitis C virus infection show reduced numbers of circulating gd T cells as well. 31 In addition, the type I IFN-response expression profile, is also convincingly present in PB mononuclear cells (PBMC) from patients with a chronic hepatitis C infection. 32 In summary, the RA A patients show several characteristics of viral infections, (a) the increased type I IFN signature, (b) a reduced gd gene expression signature, (c) reduced transcript levels of HLA class II molecules (data not shown) and (d) reduced transcriptional activity. 31, 33, 34 The fact that the RA B patients were not very different from controls in immunity-related transcript levels, may suggest that local inflammation in the joints is less severe, and therefore not as profoundly reflected in PB cells.
In these patients a more aggressive type of fibroblastlike synoviocytes that are relatively immune-independent could possibly drive the disease, as we suggested earlier. 35 Although our current analysis supports the suggestion that an infectious agent is involved in the development of arthritis, the study design does not allow for a firm conclusion to be drawn. Formally we cannot exclude the possibility that the pathogen-response signature may have been triggered by endogenous danger signals that are released during inflammation, independent of infectious agents, such as heat shock proteins and DNA or RNA from damaged or dying cells. 36 Recently, defective degradation of endogenous DNA from apoptotic cells has been identified as a trigger for arthritis and the generation ACPA in an animal model, leading to increased IFN type I and TNFa release by an unknown mechanism. 37 We found evidence for diminished apoptosis in the RA A group, which suggests that a defect in apoptosis may contribute to the autoimmune process, as has been suggested before. 38 The increased ACPA levels in the RA A patients might therefore be related to defects in the apoptotic pathway. Of interest is the recent observation that approximately half of the RA patients show antibody reactivity to citrullinated EBV-derived peptide, which correlates with ACPA levels. 39 These findings might suggest that a viral agent could also play a role in the induction of ACPA antibodies.
We are now facing the challenge of unraveling the etiology of the pathogen-response signature in RA.
Materials and methods
Patients and controls PB was obtained in PAXgene RNA isolation tubes (PreAnalytix, GmbH, Germany) from 35 patients, as described previously. 15 From all 35 patients, 25 used methotrexate, and 10 patients were DMARD naive. The control group consisted of 15 age-and sex-matched healthy individuals, as described. 15 All patients and controls gave their informed consent and the Medical Ethics Committees from AMC and VUmc approved the study protocol.
ACPA measurements ACPA titers were measured by ELISA (Euro Diagnostica No. RA-96RT, Arnhem, the Netherlands) with a lower detection limit of o1 kAU ml
À1
. Sample preparation, labeling and hybridization Total RNA was isolated from PB using the PAXgene RNA isolation kit according to the manufacturers' instructions including a DNAse (Qiagen, Venlo, The Netherlands) step to remove genomic DNA. One microgram of total RNA was linear amplified using the MessageAmp kit from Ambion. An amplified common reference sample was used for all array hybridizations, consisting of a mixture of mRNAs isolated from 11 different cell lines supplemented with RNA from synovial tissue, synovial fibroblasts and activated PBMCs.
Five micrograms of amplified RNA was labeled with aminoallyl-dUTP during cDNA synthesis by reverse transcriptase, followed by chemical coupling of the aminoallyl group to Cy3 or Cy5 for the experimental and reference samples, respectively. The Cy3-and Cy5-labeled cDNA transcripts were hybridized together on 43 K human cDNA microarrays (Stanford University) at 65 1C for 14-18 h. After washing, arrays were scanned using a G2505B microarray scanner (Agilent Technologies, Amstelveen, the Netherlands). Feature extraction analysis was performed using GenepixPro version 3.0.6.90 (Axon instruments, Union City, CA, USA).
Data filtering and analysis
Data were stored and pre-analyzed in the SMD 17 at http://genome-www.stanford.edu/microarray. Data are expressed as log 2 ratios of fluorescence intensities of the experimental and the common reference sample. Intensity-dependent normalization using local estimation (Loess) was performed separately on each sector of the array. In addition, 'scale' normalization was applied, which makes the data more comparable across different arrays. Spots were included in the analysis when in at least 80% of the microarrays a reliable data point was obtained for that element (defined by a regression correlation coefficient R40.6 assuring a linear fit between the Cy3 and Cy5 pixel intensities, and a signal intensity of 2.5 times the local background for both Cy3 and Cy5). The use of a common reference sample allows comparison of the relative expression levels across all samples. Therefore, the expression levels (as log 2 ratio's) were median centered, that is, each spotted element was expressed relative to the median expression level of that element across all samples. We corrected for array batch differences by applying single value decomposition. 40 Genes represented more than once on the microarrays were averaged in SMD from sequences with the same UniGene identifier.
Application of published data from the nonhuman primate model of smallpox A genome-wide investigation of poxvirus infection in macaques was performed by Rubins et al. 16 In this study, PBMCs were obtained from macaques before and after infection with smallpox virus. Gene expression data were obtained using the same microarray platform and data were filtered as described above. The genes in the smallpox dataset were centered separately to remove the bias of a different reference sample. Two-way hierarchical clustering 41 of macaque and human samples was used to subclassify RA patients and visualize the correlation of co-expressed genes in Treeview (available at http://rana.lbl.gov/EisenSoftware.htm).
Statistical analysis
Statistical analysis on microarray data was performed using SAM. 18 For an interpretation of the biological processes that are represented by the genes that show a significantly different level of expression in RA patients compared to the controls, we used Gene Ontology analysis using the PANTHER Classification System at http://PANTHER. appliedbiosystem.com. 42 PANTHER uses the binomial statistics tool to compare our gene list to a reference list (NCBI: Homo sapiens genes) to determine the statistically significant overrepresentation of functional groups of genes. A Bonferroni correction was applied to adjust for multiple testing.
